Ionization competition effects on population distribution and radiative opacity of mixture plasmas
I. INTRODUCTION
Radiative opacity of mixtures is an important physical parameter in various research fields such as astrophysics [1] [2] [3] and inertial confinement fusion (ICF). [4] [5] [6] In the past decades, various statistical methods and models have been developed to calculate the radiative opacity of mixture plasmas by using the average atom (AA), [7] [8] [9] the super-transition array (STA), 10 and unresolved transition array (UTA) 11 and the detailed configuration accounting (DCA) 12, 13 models. Yuan 7, 8 proposed an AA model to calculate the electronic structures and opacities of hot and dense mixture plasmas by using a self-consistent scheme to attain the same temperature and chemical potential for all atomic species in the mixture, the same electron density at the boundaries between the atoms, and the electrical neutrality within each atomic sphere. The orbital wavefunctions for the bound electrons are computed using the Dirac-Slater equations and the occupation numbers at each atomic constituent are determined by the Fermi-Dirac distribution using the same chemical potential for the various atomic species. Wang, MacFarlane, and Orzechowski 11 investigated the opacities of Au-Sm and Au-Gd mixtures by using the UTA model and they found a significant enhancement of the Rosseland mean opacity compared with pure Au plasmas. A similar conclusion was obtained by other authors, 10, 12, 13 who also predicted an increase of the Rosseland mean opacity for ICF mixtures due to the filling in the low absorption gaps in the gold spectrum with one or more additional elements by using the STA and UTA approximations. Such an increase in Rosseland mean opacity of mixtures was experimentally demonstrated by Orzechowski. 14 More recently, detailed term accounting (DTA) and detailed level accounting (DLA) models have also been developed to investigate the radiative opacity of mixtures. 15, 16 Most work mentioned in the above are either concerned with the method and model development or theoretical prediction of the increase in Rosseland mean opacity compared with pure plasmas. These researches have deepened our understanding of ionization equilibrium and radiative opacity of mixtures in local thermodynamic equilibrium (LTE) and have provided large amounts of data useful in astrophysics and ICF. [17] [18] [19] [20] However, there are new features for the computation of the radiative opacity of mixtures compared with pure plasmas, which are not fully understood. When two or more elements are present in a plasma at finite temperature and density, they interact with each other and arrive at an equilibrium that may modify their properties compared with pure matters. 21 Yuan 7, 8 predicted an ionization competition between two different atomic species with different shell structures by using an AA model. This ionization competition is reflected in the variations in atomic radii of different species. As AA model calculates the electronic structure of atoms and ions in hot and dense plasmas based on the statistical average rather than the details of the populations in every quantum states of each ionization stages, many detailed information is missing. Hence, it is necessary to carry out detailed investigation by using a more detailed formalism.
In this work, we investigate the radiative opacity of mixture plasmas by using a DLA formalism, paying attention to a) Electronic mail: jlzeng@nudt.edu.cn the effects of ionization competition between different atomic species on the population distribution and radiative opacity. Coupled ionization equilibrium equations including all components of the mixtures are solved to obtain the population of different atomic species. Combining the derived populations with atomic data including oscillator strengths and photoionization cross sections, we obtained the spectrally resolved radiative opacity. Then, the Planck and Rosseland mean opacities are calculated over a wide range of temperatures and densities. The mixture of SiO 2 is taken as an example to study the effects of ionization competition of atoms. Finally, we compare our theoretical results with a recent experiment performed by Wei et al.
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II. THEORETICAL METHOD
In this section, we give theoretical details of how to calculate the radiative opacity of mixtures. The theoretical background for calculating the radiative opacity of pure plasmas can be found in our previous work. [23] [24] [25] [26] [27] [28] [29] The procedure for mixtures is similar to pure matters, although new features have to be taken into account. For a mixture plasma in LTE with mass density q consisting of n different elements with atomic number Z 1 , Z 2 ,…, Z n and atomic mass A 1 , A 2 ,…, A n , we define the normalized number fraction v j for element j which satisfies the condition of P n j¼1 v j ¼ 1. The average atomic mass A of the mixture is given by
The total population density N reads
where N A is the Avogadro constant. The population density of element j is therefore determined by its fraction through N j ¼ v j N. The population density N j,i of the ionization stage i of the element j is obtained by solving the Saha equations for the mixture
where N e is the population density of free electrons which is contributed by all possible ionic species present in the plasma mixture, / j;i is the ionization potential of ion stage i of element j, and D/ j;i is the ionization potential depression (IPD) due to the plasma environment restricting the number of bound states available. U j,i and U e are the partition functions for ionization stage i of element j and free electron, respectively, which are given by
and
where g j,i,l ¼ 2J j,i,l þ 1 is the statistical weight for level l of ionization stage i of element j, J j,i,l the total angular momentum, E j,i,l the energy of level l of ionization stage i of element j above the ground state. The sum in Eq. (4) is performed over all available bound states and is truncated at the ionization threshold, which has been lowered by IPD. In this work, we applied the Stewart-Pyatt model 31, 32 to account for the IPD
where z j,i is the net charge of the ionization stage i of the element j in question, D is the Debye length and z * is the effective plasma perturber charge
The Debye length is defined as
A coupled set of Eqs. (3) are solved with the constraint of particle conservation
and condition of electric-neutrality
For a mixture plasma with mass density q and temperature T, the radiative opacity j(h) at photon energy h is contributed by summing all possible microscopic processes including bound-bound, bound-free, free-free, and scattering processes
N j;i;l r j;i;ll 0 ðhÞ þ X l N j;i;l r j;i;l ðhÞ þN j;i r j;i;f ðhÞð1 À e Àh=kT Þ þ l scatt ðhÞ; (11) where N j,i,l is the population density of level l for ionization stage i of element j, which is determined by the Boltzmann distribution function N j;i;l ¼ g j;i;l ðN j;i =U j;i Þe ÀE j;i;l =kT (12) and r j;i;ll 0 is the photo-excitation cross section from level l to l 0 of ionization stage i of element j, r j,i,l is the photoionization cross section of level l for ionization stage i of element j, r j,i,f is total free-free cross section of ionization stage i of element j which is approximated by Kramers formula, 23 and l scatt (h) is the absorption coefficients contributed by scattering processes which is obtained using the Thomson scattering formula. For the bound-bound process, r j;i;ll 0 ðhÞ can be obtained from the absorption oscillator strength f j;i;ll 0 for the transition from level l to l 0 of ionization stage i of element j
where S is the line-shape function, which is taken to be a Voigt profile with natural lifetime broadening, electronimpact broadening, and Doppler broadening being included. The detailed expression of electron-impact broadening and Doppler broadening can be found in Ref. 23 . For autoionized levels, the broadening due to single Auger decay is included, whereas the contribution of direct double Auger decay is neglected. [33] [34] [35] In practical applications such as radiative transfer through hot dense plasmas, Planck and Rosseland mean opacities are required, which are defined as
where u ¼ h/kT and j scatt (u) is the opacity contributed by scattering processes, W P and W R are, respectively, the Planck and Rosseland weighting functions, definitions for which can be found in Ref. 23 . The fraction of radiation transmitted F at photon energy h with respect to some incident source of arbitrary intensity is given by
where L is the path length traversed by the light source through the plasma. The function F is integrated over a Gaussian function, with the full width corresponding to the spectrometer resolution, to obtain the transmission spectrum which can be compared with the experiment. In the calculation of radiative opacity, we require a large amount of atomic data including energy levels, oscillator strengths, and photoionization cross sections of the involved quantum states for all possible ionization stages of every element. To obtain these atomic data, we assume these basic data for any ionization stage of any element are not dependent on that of other species.
In this work, large-scale configuration interaction calculations are performed to obtain these atomic data using FAC code. 36 To evaluate the quality of these atomic data, GRASP code 37 is also used to obtain the energy levels and oscillator strengths for the bound-bound transitions. In general, there is a reasonable agreement between the two results, although discrepancies are also found.
III. RESULTS AND DISCUSSION
A. Ionization competition for SiO 2 mixture plasmas
Mixture plasmas with two or more interacting elements will result in ionization competition between the different atomic species. In this subsection, we first investigate ionization competition effects of SiO 2 mixture plasmas at various mass densities and temperatures. This forms the basis for the calculation of radiative opacity. Figures 1-3 give population fractions of different ionization stages of O and Si as a function of temperature at mass densities of 0.001, 0.01, and 0.1 g/cm 3 , respectively. To see the ionization competition between elements of O and Si, the population fractions of pure O and Si are given as well at the same mass density. For example, at mass density of 0.001 g/cm 3 for SiO 2 mixture given in Fig. 1 , the mass density of both pure O and pure Si is taken to be 0.001 g/cm 3 as well. From these figures, we see the ionization competition between O and Si for SiO 2 mixture at all given mass densities. The evident physical effects occur at several distinct temperature ranges. For example, take Fig. 1 38 is below that of O (13.62 eV), 38 Si can be more easily ionized than O. In this temperature range, the outmost shell electrons of Si and O can be ionized, whereas the Land K-shell electrons of Si and K-shell electrons of O cannot be ionized. We find from higher than that of pure Si, whereas the ionization degree of O has opposite behavior. Moreover, these physical effects are more evident in Si than in O. At temperature of 1 eV, for example, the fraction of Si þ in the mixture is 40 .3% yet that of pure Si is only 31.8%. The population fraction of Si þ in the mixture is increased by 27% compared with that of pure Si. For temperatures from 1 eV to 1.8 eV, the absolute population fraction difference for the mixture and pure Si and O gradually fall to near zero.
With a further increase of temperature to $6 eV, ionization competition is negligibly trivial. For temperatures from 1.8 to 6 eV, the dominant ion types are Si þ -Si 4þ and their population fractions are barely affected by the competition effects in this temperature range. However, with a further increase of temperature (from 6 to 45 eV, denoted as the second temperature range), ionization competition becomes pronounced again. In this temperature range, the L-shell electrons of Si are ionized and thus the dominant ion stages are Si 3þ -Si 10þ . Again the ionization competition occurs at the ionization turning point of the opening of the L-shell electrons of Si, whereas that of O still ionizes the L-shell electrons. For Si 3þ , ionization competition is evident at temperatures of about 12 eV, where the absolute difference between the population fraction of pure and mixture is the largest (4.3%). The relative difference of population fraction is increased by 23.1% for the mixture compared with the pure Si plasma. Such an increase of relative fraction is more pronounced with the increase of temperature up to about 20 eV. The relative difference increases to 40%, 50%, and 65% at temperatures of 15, 16, and 18 eV, respectively. For ionization stages higher than Si 3þ , ionization competition manifests different characteristics. Considering Si 4þ as an example, its population fraction in SiO 2 mixture initially decreases up to a temperature of 13.9 eV and then increases in contrast to those results of pure Si plasma. The absolute and relative population fraction differences (compared with the pure plasma) are listed in Table I for a more complete understanding of this competition. Around a plasma temperature of 14 eV, population fraction of Si 4þ in mixture and pure plasmas is nearly identical. For plasmas of temperature below 14 eV, the population fraction of Si 4þ in a mixture is lower than that in pure plasma, whereas above 14 eV it is opposite. A similar qualitative conclusion can be drawn for other ion types such as Si 5þ and Si 6þ . With a further increase of temperature (denoted as the third temperature range), Kshell electrons ionize and hence ionization competition appears again, although the effects are smaller than in the first and second temperature ranges .   FIG. 3 . The same as in Fig. 1 , but for mass density of q ¼ 0.1 g/cm 3 . In the above, we investigated in detail the ionization competition in the SiO 2 mixture plasmas at a mass density of 0.001 g/cm 3 over a wide range of plasma temperatures. Similar qualitative conclusions can be drawn at different densities such as 0.01 and 0.1 g/cm 3 as shown in Figs. 2 and 3. With the increase of density, however, there are quantitative differences for the temperature regimes where competition is strong. First, the temperature ranges are broader for the three temperature regimes with strongest effects. This observation is in agreement with the population distribution at a higher mass density. The higher the density, the wider the ionization stages expand, just as for the population distribution of pure plasmas. 39 Second, the absolute difference of the population fraction in the mixture and pure plasmas decreases with increasing mass density.
Ionization competition associated with population distributions in the mixture plasmas has profound consequences in many aspects such as the equation of state (EOS). Massacrier, Potekhin, and Chabrier 40 calculated the EOS of carbon-oxygen mixtures over a wide range of densities using the method of free energy minimization formulated from the chemical picture of plasmas. These authors proposed an approximate method for the EOS calculation of mixtures of different chemical elements based on the detailed information about the various ionic state populations for the pure species. Nevertheless, the evidence of competition can be found from their results. In ICF experiments, the ablator couples energy between the driver and the DT fusion fuel. Accurate determination of physical properties such as EOS, opacity, and thermal conductivity is important on the ablation performance (see, for example, Refs. 41 and 42). In determining these physical properties, it is vital to include the effects of ionization competition for the mixture plasmas as demonstrated in this work.
B. Spectrally resolved and Rosseland and Planck mean opacities of SiO 2 mixture plasmas
In Subsection III A, we investigated the effect of ionization competition on the population fractions of SiO 2 mixtures over a wide range of temperatures and densities. The different population fractions in the mixture influence the radiative opacity. In Fig. 4 , to illustrate the effect, we show the spectrally resolved radiative opacity contributed by dominant ion types of Si 3þ , Si 4þ , Si 5þ , and the total Si in the pure Si plasma and SiO 2 mixture plasma at a temperature of 12 eV and mass density of 0.001 g/cm 3 . At such a physical condition, the dominant ion types are Si 3þ (18.6%), Si 4þ (79.0%), and Si 5þ (2.2%) for pure plasma and Si 3þ (22.9%), Si 4þ (75.2%), and Si 5þ (1.6%) for mixture plasma. The contribution to the spectrally resolved radiative opacity from Si 3þ in mixture plasma is larger than in pure plasma. Yet the contributions of Si 4þ and Si 5þ in mixture plasma are smaller than those in pure plasma. From Fig. 4 , we find that there are large differences in the contributions of the different charge states. For Si 3þ , many more bound-bound absorption structures, which originate from the absorptions of M-shell electrons of Si, appear in the photon energy range of 1-40 eV. For Si 5þ , however, these structures completely disappear. In the following, we study the spectrally resolved radiative opacity of SiO 2 mixture plasmas with ionization competition taken into account. In Fig. 5 , we show the spectrally resolved radiative opacity of SiO 2 mixture plasmas at a mass density of 0.01 g/cm 3 and temperatures of 20 eV, 60 eV, 120 eV, and 200 eV, respectively, in the photon energy range of 0-2750 eV which covers radiative transitions from the M-, L-, and K-shell electrons of the ions involved. In each panel, the total opacity and the respective contributions from Si and O are given to evaluate the respective contributions of elements Si and O. One can see that the spectrally resolved radiative opacity show two distinct absorption structures for all given temperatures, with the first being located at below 870 eV and the second above 1700 eV absorptions of Si located at above 1700 eV, the energy position of bound-bound absorption structures shift toward higher photon energy with increasing plasma temperature, due to the most abundant ion species shifting to higher ionization stages. At a temperature of 20 eV, the ionization stage with the largest fraction is Si 4þ (17.3% of the total populations). With increasing temperature, the most occupied ionization stage becomes Si 9þ (12.7%), Si 12þ (27.4%), and Si 12þ (27.6%), respectively, at temperatures of 60, 120, and 200 eV. For the same type of transitions (for example, 1s ! 2p) of the different ionization stages, the transition energies of higher ionization stages are usually larger than those of the lower ionization stages. 43 With increasing plasma temperature, the spectrally resolved radiative opacity contributed by the M-and L-shell electrons of Si and O diminishes compared with that contributed by the K-shell electrons of Si. At all given temperatures, the continuum opacity in photon energy range of 870-1700 eV is dominantly contributed by the K-shell electrons of O. The contributions of M-and L-shell photoionization of element Si are negligibly small.
To calculate the Planck and Rosseland mean opacities, we need to integrate the spectrally resolved radiative opacity with corresponding weighting functions, shown in Fig. 5 by dashed and dot-dot-dashed lines, respectively. At a temperature of 20 eV, we can obviously see that the Planck and Rosseland mean opacities are predominantly determined by absorptions from the M-and L-shell electrons of Si and the L-shell electrons of O. With increasing temperature, the weighting functions expand over a wider photon energy range, and therefore the absorptions from K-shell electrons gradually become important as well. The Planck mean opacities are determined to be 28 592, 5233, 714, and 102 cm 2 /g and the Rosseland mean opacities are 13 413, 1497, 101, and 14 cm 2 /g at temperatures of 20, 60, 120, and 200 eV, respectively. For plasmas at different electron temperatures, the main contribution to the mean opacity is different. For 20 eV plasma, the bound-bound L-shell absorptions of O peaked at photon energy of $73 eV are the main contribution to the Planck mean opacity, which accounts for $72.5% of the total mean opacity. For plasmas at 60 eV, however, the dominant contribution to the Planck mean opacity originates from the bound-bound L-shell absorptions of Si, although the bound-bound L-shell absorptions of O have definite contribution. The contributions of Si and O to the Planck mean opacity are 94.3% and 5.7%, respectively. For plasmas at the higher temperatures of 120 and 200 eV, the absorptions from the K-shell transitions of Si play a role. For the Rosseland mean opacity, however, the quantitative connection between the spectrally resolved and mean opacities is not so easily justified.
The Planck and Rosseland mean opacities as a function of plasma temperature are shown in Figs. 6-8 at mass densities of 0.001, 0.01, and 0.1 g/cm 3 , respectively. Different dependencies with plasma temperature can be found for the Planck and Rosseland means. The Rosseland mean monotonically decreases with increasing plasma temperature. For the Planck mean, however, different features arise; it decreases with increasing plasma temperature, but an increase is found from some particular temperature and then decreases again. With increasing mass density, the rising trend in the Planck mean over some temperature regimes disappears, although a dependence can still be seen. The weakening variation in mean opacities with increasing density is similar to pure plasmas. 44 For mixture plasma of mass density 0.001 g/cm 3 ( Fig. 6) , the Planck mean is nearly solely determined by Si for the two temperature regimes of 35-70 eV and above 190 eV. Above 190 eV, the boundbound and bound-free absorptions from the K-shell electrons of Si play predominant roles in the determination of the Planck mean. For plasmas at temperature range of 30-70 eV, the bound and continuum opacity from the L-shell electrons of Si dominate the Planck mean. For the Rosseland mean, however, such a phenomenon can no longer be found and both Si and O contribute to the Rosseland mean. Only at very high temperatures (above $450 eV), Si plays a dominant role in the determination of the Rosseland mean. For plasma of density 0.01 g/cm 3 ( Fig. 7) , similar conclusions to those of Fig. 6 can be drawn, yet the two temperature ranges are now 40-80 eV and above 240 eV. With a further increase in density to 0.1 g/cm 3 ( Fig. 8) , the first temperature range (60-80 eV) is narrowed and the second shifts to a higher temperature for the Planck mean. Both Si and O contribute to the Rosseland mean over the given plasma temperature range.
To see the ionization competition effects on the Planck and Rosseland mean opacities of SiO 2 mixture plasmas, we also give the results neglecting these effects given by the dotted lines in Figs. 6-8. They are obtained by using the population fractions shown by the dashed lines in Figs. 1-3 . The dotted lines in Figs. 6-8 are almost indistinguishable from the solid lines. To see more clearly the effects, the relative differences between the Planck and Rosseland mean opacities of SiO 2 with and without considering the ionization competition effects are given in Fig. 9 as a function of temperature at mass densities of 0.001, 0.01, and 0.1 g/cm 3 . For each density, there are temperature ranges that show relatively larger ionization competition effects, which originate from the ionization of the M-, L-, and K-shell electrons of Si. At a density of 0.001 g/cm 3 , for example, the largest difference for the Rosseland mean opacity is 11.3% for SiO 2 plasma at a temperature of 20 eV. Under this physical condition, the Rosseland mean is overestimated by 11.3% if we neglect the effects of ionization competition. The effects are evident at a narrow temperature range near 20 eV, which correspond to the ionization of the L-shell electrons of Si. The next temperature range is centered at $230 eV, which originate from the K-shell electrons of Si. The ionization competition effects are in general smaller for the Planck mean opacity than the Rosseland mean opacity. With increasing density, the influence becomes weaker for the latter. For the former, the largest discrepancy is less than 4.5% at any density and temperature.
C. Comparison of K-shell transmission with experiment
To evaluate the quality of our calculations, we compare our computed opacity with available experimental and theoretical results. Wei et al. 22 measured the K-shell transmission of SiO 2 mixture plasmas in the wavelength range from 6.6 to 7.1 Å (corresponding to photon energy range of 1746-1878 eV). A SiO 2 foil with a density of 0.045 g/cm 3 was used as a sample plasma which was heated by eight nanosecond laser beams produced by the Shengguang II laser facility. A gold cylindrical hohlraum target was used to generate a clean, near-Planckian radiation field. X-ray transmission spectra through the SiO 2 sample were obtained at different times by changing the delay between the main beams and back-lighter. As time elapsed, the temperature of the mixture plasmas was inferred to range from 30 to $65 eV yet accurate diagnosis was lacking. As an example, we compared our calculated transmission of SiO 2 mixture at a temperature of 63 eV with the experimental results at a time delay of 1.5 ns in Fig. 10 . A temperature of 63 eV was inferred by our theoretical calculations. In the measured photon energy range, the absorptions are mainly contributed by 1s-2p transitions of Si, whereas O contributes a small continuum background absorption through 1s photoionization. The theoretical results of Wei et al. 22 are also given as a dotted line with the temperature being taken as 55 eV, which is lower than our value of 63 eV. The strong absorption structures located in the photon energy range of 1780-1830 eV originate from the 1s-2p transitions of Si 8þ , Si 9þ , and Si 10þ . General good agreement is found between theoretical and experimental results. Because temporal and spatial gradients exist in the experiment, 22 a further detailed analysis of the experimental spectra is needed with these effects being included.
In conclusion, spectrally resolved and Planck and Rosseland mean radiative opacities of mixture plasmas of SiO 2 were investigated using the DLA approximation. Atomic data such as energy levels, oscillator strengths, and photoionization cross sections, required in the calculations of opacity, are obtained by large-scale configuration interaction calculations to ensure a high accuracy. Coupled ionization equilibrium equations for every ionization stage of all elements involved are solved and the results show that ionization competition plays a role in the determination of population distributions of mixture plasmas. For a mixture plasma of a given mass density, the ionization competition occurred over three distinct temperature regimes, which are associated with the ionizations of the M-, L-, and K-shell electrons of Si. The effects are given for mixture plasmas at mass densities of 0.001, 0.01, and 0.1 g/cm 3 . Spectrally resolved and Planck and Rosseland mean opacities are studied over a wide range of plasma densities and temperatures. For plasmas with a given mass density, the Rosseland mean decreases monotonically with plasma temperature, whereas the Planck mean decreases first with increasing plasma temperature up to a critical temperature point and then increases and then decreases slowly again. Comparisons are made with the available experimental and theoretical results and general good agreement is obtained. respectively. The solid line refers to our DLA result at T ¼ 63 eV and q ¼ 0.045 g/cm 3 . The labels at the top of the figure indicate the dominant ion charge states of Si.
